The ABCD study is recruiting and following the brain development and health of over 10,000 9-10 year olds through adolescence. The imaging component of the study was developed by the ABCD Data Analysis and Informatics Center (DAIC) and the ABCD Imaging Acquisition Workgroup. Imaging methods and assessments were selected, optimized and harmonized across all 21 sites to measure brain structure and function relevant to adolescent development and addiction. This article provides an overview of the imaging procedures of the ABCD study, the basis for their selection and preliminary quality assurance and results that provide evidence for the feasibility and age-appropriateness of procedures and generalizability of findings to the existent literature.
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Introduction
Neuroimaging provides a tool for examining the biological development of the human brain in vivo. A primary aim of the ABCD study is to track human brain development from childhood through adolescence to determine biological and environmental factors that impact or alter developmental trajectories. This landmark study is recruiting and following approximately 10,000 9-10 year olds across the United States. Longitudinal measures of brain structure and function are a central focus of the study.
The ABCD Imaging Acquisition Workgroup https://abcdstudy.org/scientists-workgroups.html selected, optimized and harmonized measures and procedures across all 21 ABCD sites. This article provides the basis for, and overview of, the ABCD imaging procedures and preliminary quality assessments that indicate the developmental appropriateness of the protocol for 9 and 10 year olds.
Numerous Big Data studies have emerged around the world (Rosenberg et al., under review) that assess human brain function and structure with magnetic resonance imaging (MRI) of the developing mind and brain. The ABCD study capitalizes on the advancing technologies in structural and functional MRI of these studies, especially from the Human Connectome Project (HCP;
https://www.humanconnectome.org) and the Pediatric Imaging, Neurocognition, and Genetics (PING) Study (http://pingstudy.ucsd.edu, Jernigan et al., 2016) and components of the IMAGEN study (www.imagen-europe.com; Schumann et al. 2010 ) that combines brain imaging and genetics to examine adolescent development and human behavior.
Building upon the efforts of these Big Data studies has led to the establishment of an optimized MRI acquisition protocol to measure brain structure and function that is harmonized to be compatible across 21 sites and three scanner platforms: Siemens, General Electric and Phillips. and 21 sites. The protocol includes 3D T1-and 3D T2 weighted images, and diffusion weighted images for measures of brain structure; and resting state and task-based functional MRI for measures of brain function.
ABCD task-based functional assessment of the brain consists of three tasks: the Stop Signal task (SST, Gordan, 1994) , the Monetary Incentive Delay (MID) task (Knutson et al., 2000) and an emotional version A C C E P T E D M A N U S C R I P T of the n-back task (EN-back, Cohen et al. 2016) . Together these tasks measure 6 of the original National
Institutes of Health's Collaborative Research on Addiction at NIH (CRAN) Request for Applications (RFA)-mandated domains of function: reward processing, motivation, impulsivity, impulse control, working memory and emotion regulation. Each of the 6 behavioral domains measured by the ABCD fMRI tasks are highlighted in Table 1 indicating behavioral domain, task, processes and neural correlates.
ABCD Materials and Methods
An important motivating factor for the study is to identify developmental trajectories and neural signatures for adolescent mental health. To ensure that the study has the statistical power to characterize these different developmental trajectories, an aim of the study is for approximaetely 50%
of the sample to consist of children who show early signs of externalizing and internalizing symptoms. The sample and overall design of the ABCD study are described by Garavan et al. 
INSERT TABLE 1 ABOUT HERE

Equipment and Software
Scanner and head coil. The ABCD imaging protocol is harmonized for 3 three 3T scanner platforms (Siemens, General Electric (GE) and Philips) and use of multi-channel coils capable of multiband echo planar imaging (EPI) acquisitions, using a standard adult-size coil. The decision to use a standard head coil for each scanner platform across ages rather than using nonstandard customized coils was threefold.
First, 9 and 10 year olds have brains that are typically between 90 and 95% of adult brain size. There is empirical evidence for the feasibility of using a common stereotactic space for this age as that used for adults (Burgund et al., 2002 , Kang et al., 2003 . Second, the use of custom coils for each age would introduce significant challenges to the analysis with the coil being confounded with age. Third, custom coils require the manufacturer to produce and provide customization of coils and connectors that was not feasible to obtain across all sites during the first year of optimization and harmonization of the scan
protocol. It has been important throughout the design of the ABCD study to coordinate with the vendors to ensure stability of the hardware from the start of the study in September, 2016 and over the course of this 10-year study.
Stimulus presentation and response collection. The task-based fMRI scans require special stimulus presentation and response collection equipment and software. All ABCD fMRI tasks are programmed in Current Designs 2-button box. The tasks are programed to accept input from the dominant hand (left or right). Visual display and auditory delivery equipment are not harmonized given the variability in scanner and control room set-up across sites and no mandate for precise visual or auditory resolution for the fMRI tasks was imposed. Sites use rear projection or goggles for visual display and a variety of head phone/ear bud devices. Tasks are programmed to accommodate these various set-ups across sites.
ABCD Scan Protocol
The ABCD neuroimaging protocol is depicted in Figure 1 . The final ABCD protocol was based in part on multi-site (12 ABCD sites) pilot study of a convenience sample of 67 children and teens from varied household incomes and racial and ethnic backgrounds and included individuals at risk for substance abuse and mental health problems. Over 30 of these children provided imaging pilot data. These data showed no more fatigue, as measured by poorer fMRI task performance and self-report, when completing the scan protocol in one session versus two, or when administering the fMRI tasks at the beginning of the scan session versus at the end. Thus, scanning occurs in either 1 or 2 sessions. Varying the number of scan sessions provides added flexibility for sites that have constraints in scanner access and aids in accommodating constraints that ABCD families may have in their schedules, etc. In addition to the pilot data, further evidence of the feasibility of the ABCD imaging protocol for 9-10 year olds is indicated by the high completion of scans for the first approximately 1000 subjects. These data show that 99% of the enrolled subjects completed the 3D T1-weighted scan. The remaining scans varied in
completion from 88 to 98% (rs-fMRI= 98%, diffusion= 97%, 3D T2 = 96%, MID = 91%. SST = 89% and the EN-back = 88%). Thus, completion of all scan types across sites is at nearly 90%.
INSERT FIGURE 1 ABOUT HERE
Ordering of scans. The scan session consists of a fixed order of scan types that begin with a localizer, acquisition of 3D T1-weighted images, 2 runs of resting state fMRI, diffusion weighted images, 3D T2-weighted images, 1-2 more runs of resting state fMRI (see motion detection below for when to acquire 1 versus 2 additional runs) and the task-based fMRI. Although the order of scans across subjects is fixed as shown in Figure 1 , the order and version of the 3 fMRI tasks (MID, SST and EN-back) are randomized across subjects. The decision to randomize the order of fMRI tasks across subjects was based in part on these scans being the most cognitively demanding on the child. Whereas, the structural and resting state scans simply require the child to relax and watch a movie or look in the general direction of a fixation crosshair, the fMRI tasks require anticipation and outcome of rewards and losses, impulse control, emotion regulation, memory and action on the part of the child (see Table 1 . Domains of function measured by the ABCD fMRI tasks). Also, n egative affective processes can diminish cognitive performance (Cohen, Breiner et al., 2016 , Cohen, Dellarco et al., 2016 and performing a demanding cognitive task has been associated with diminished performance on subsequent tasks (Baumeister et al 1998) . We therefore randomized the order of tasks across subjects to help control for these effects.
Likewise, we randomized the order of trials within tasks to help control for the effects of different processing demands of one trial on a subsequent trial. Based on simulations, 12 pseudorandom trial sequences optimized to minimize variance in activation parameter estimates were selected for tasks with event related designs (MID and SST). This allows investigators to assess generalizability over task variants (trial sequences) and control for sequence if necessary. The EN-back was programmed as a block design given time constraints, number and level of factors (4 stimulus types, 2 memory loads) and the need for instructed task switching between memory load conditions.
Finally, the random assignment of a given order and version of tasks to a subject at baseline will beis held constant in subsequent longitudinal scans to minimize within-subject variability and enhance the ability to test key ABCD specific aims that focus on individual differences in developmental trajectories. In addition, participants within a family (e.g., twin pairs/ siblings) receive the same order and version of the tasks to minimize within-family variability for testing heritability and genetic effects. Details of the imaging protocol are described in detail below for each component: pre-scan, scan and post-scan.
Pre-scan Assessments and Training
MR screening. Participants complete an MR screening questionnaire for any contraindication for an MRI (e.g., braces, pacemakers, and other metal in the body including piercings, medical screw, pins, etc.). MRI screening occurs three times: during initial recruitment, at scheduling, and just prior to the scan.
Simulation and motion compliance training. Before the scan, participants are desensitized to the scanner environment with a simulator. Simulation occurs in dedicated mock scanners with prerecorded scanner sounds and/or collapsible play tunnels the diameter of the scanner bore (55-60 mm). Because head motion is a significant problem for pediatric imaging, behavioral shaping techniques are used for motion compliance training (Epstein, Casey et al 2007) . Commercial simulators, or Wii devices affixed to the child's head (see Supplemental Text) monitor head motion and provide feedback to the child. After simulation and motion compliance, the participants practice the three fMRI tasks to be sure they understand the instructions and are familiarized with the response collection device.
Arousal Questionnaire. Immediately prior to scanning, the participant is given a restroom break and then administered a questionnaire on his/her current state of arousal (Supplemental Table 1 ). This questionnaire is administered again at the end of the scan (see Post Scan Assessments). Earplugs are inserted, and the child is placed on the scanner bed. Physiologic noise is measured with a respiratory belt placed around the child's stomach to measure breathing rate and a pulse oximeter placed on the child's non-dominate pointer finger to measure heart rate. To minimize motion, the head is stabilized with foam padding around head phones/earbuds. The technologist localizes the head position, ensures that the
child can fully view the screen, and has the child test the response box buttons. As the scanner table moves to the center of the scanner bore, a child appropriate movie is played and the staff makes sure the child can see and hear it.
Scan Session
A The movie is turned on as the child enters the scanner and remains on during acquisition of the localizer and 3D T1 scans and is also played during the 3D T2 and diffusion weighted imaging acquisitions. The functional scans include twenty minutes of resting-state data acquired with eyes open and passive viewing of a cross hair. One set of two 5-minute runs is acquired immediately after the 3D T1 and another set is acquired after the 3D T2 scans. The task-based fMRI images are completed after the final set of resting state scans, counterbalancing the order of tasks across subjects.
Scanning parameters. The imaging parameters for the 3 three 3T scanner platforms are summarized in Table 2 . This protocol is shared, although some platforms require agreements for the research sequences, so that every ABCD site can download the protocol and install it with no need for manual entry of parameters, which reduces the likelihood of protocol errors due to human error. Images are acquired in the axial plane rather than the oblique orientation since oblique EPI prescriptions are not supported/recommended by GE and Phillips due to ghosting and the potential for peripheral nerve stimulation as the scan plane gets closer to the coronal plane or the phase encoding direction gets closer to the left-right direction. Scan sequences continue to be optimized and made available as the scanner instrumentation is upgraded and improves (e.g., Siemens Prisma upgrade from version VE11B to VE11C).
As the technology and sequences are optimized, human phantoms are being collected on all scanners and all software versions within and between sites to control for these changes.
INSERT Health Sciences University is implemented for motion detection in resting state fMRI scans at the Siemens sites. FIRMM allows scanner operators to adjust the scanning paradigm based on a participant's degree of head motion (i.e., the worse the motion, the less usable data and greater the need for more data to be acquired).
Head motion is a significant concern for pediatric imaging and has received significant attention in the domain of rs-fMRI (Fair et al., 2012; Power, Barnes Snyder, Schlaggar & Petersen 2012; Power, Mitra et al., 2014; Satterthwaite et al. 2012; Yan, Cheung et al., 2013; Van Dijk, Sabuncu &, Buckner 2012) . Preliminary motion data are presented in Figure 2 based onMotion-detection, -correction and -prevention training are used to help minimize motion. Preliminary analysis of fframe-toframe displacement of over 2500 participants during resting-state and task-based fMRI data. are provided in Figure 2 . Mean motion is .22 mm during rest (SD = .20 mm) and less than .29 mm in all tasks (n-back M = .28, SD = .27; SST M = .26, SD = .25; MID M = .25, SD = .23). Before mean motion was
computed, data were temporally filtered to remove aliased respiratory signals. Future data releases will include six-parameter motion time courses and optimized measures of overall head motion.
Together, the data are relatively encouraging given the young age of the participants (9 to 10 years), length of the scan protocol (100-120 minutes), and that approximately 42% of the sample consists of children who show early signs of externalizing and internalizing symptoms and considered at risk for substance abuse and other mental health problems. See Garavan et al., Loeber et al. and Volkow et al. this issue on the study design, recruitment and screener for children at risk for substance abuse and other disorders.
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The fMRI tasks. Specific details for each of the fMRI tasks and preliminary quality assessment and results are provided below. These tasks measure processes relevant to addiction and adolescent development and have shown well-characterized and reliable patterns of brain activity in prior imaging studies (refer to Table 1 for a summary). The three tasks were selected based on the existing literature indicating that they met 6 important criteria: 1) implication in addiction (validity); 2) feasibility in developmental studies (developmentally-appropriate); 3) well-characterized neural activations (specificity); 4) reliable activation over time within subjects (reliability); 5) consistent patterns of activity across subjects (sensitivity); and 6) leveraging of other complementary developmental imaging initiatives that use similar measures (generalizability). The relevant literature supporting these claims are provided in the description of each task.
Monetary Incentive Delay Task (MID).
The MID task used in the ABCD study (Knutson et Beck et al., 2009; Villafuerte, Heitzeg et al., 2012; Wrase et al., 2007; Yau et al 2012) and has good within-subject reliability over time (Heitzeg, Villafuerte et al. 2014) .
Each 
A C C E P T E D M A N U S C R I P T
Preliminary behavioral data from the MID task (n=965) suggest that the experimental manipulation to maintain hit rates at close to 60% is working. Average hit rates are between 50 -60% and these rates are maintained across experimental runs (see Figure 4a ). As reported in the literature (Bjork et al., 2010) , the average hit rate is slightly higher for reward (59%) and loss trials (54%) than for neutral trials (49%).
Reaction times appear relatively stable across runs and conditions. Finally, as anticipated, participants earned on average $21.43 with consistent payoff amounts across experimental runs of $10.56 and $10.87.
With age, it will be important to examine variation in response latencies on win and loss trials relative to neutral ones.
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Preliminary examination of the MID imaging data look promising. 
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The SST requires participants to withhold or interrupt a motor response to a "Go" stimulus when it is followed unpredictably by a signal to stop ( Figure 5 ). Each of 2 runs contains 180 trials. Each trial begins with the presentation of a leftward or rightward pointing arrow in black on a mid-grey background.
Participants are instructed to indicate the direction of the arrow, responding "as quickly and accurately Figure 6a) . Accuracy on the go trials is over 80% with fewer than 20% of trials coded as incorrect due to a late response, error (i.e., pressed incorrect button) or no response. This performance is maintained across the experimental runs of the task. The SSRT appears to decrease over runs indicating improved inhibitory ability over time.
Preliminary examination of the SST imaging data look promising too. Figure 6b depicts the signed effect sizes (Cohen's d) for the contrast of correct stop trials vs correct go trials (n=750). There is robust activation of the lateral prefrontal cortex, anterior cingulate cortex and striatum when participants correctly inhibit a response (Figure 6b) . A key objective for the ABCD study will be to examine how behavioral and neural correlates of impulse control and impulsivity change as a function of development and substance use and abuse.
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The EN-back Task. The EN-back task ( Figure 6 , Cohen et al., 2016) engages memory and emotion regulation processes and is a variant the HCP n-back task (http://www.humanconnectome.org/; Barch et al., 2013) . The memory component of the n-back activates core brain networks relevant for working memory (Barch et al., 2013; Owen et al., 2005) , providing evidence for its validity as a measure of working memory. It contains both high and a low memory load conditions (2 back and 0 back -see below) and the comparison of the two allows for the assessment of activation that is specifically associated with working memory as opposed to cognitive function more generally. This task shows reliable brain activations across subjects (Drobyshevsky et al., 2006) and time (Caceres et al., 2009 ). The task is sensitive to marijuana and alcohol use (Caldwell et al., 2005; Schweinsburg et al., 2005 Schweinsburg et al., , 2008 Schweinsburg et al., , 2010 Squeglia et al., 2011; Tapert et al., 2001 Tapert et al., , 2004 ) is developmentally appropriate (Barch et al., 2013; Casey et al., 1995) and has been widely used in the field (Owen et al. 2005) , providing generalizability to other studies. Finally, this task directly builds upon data collected as part of the lifespan pilot of the Human Connectome Project (Barch et al., 2013) .
The stimuli, unlike the traditional or HCP versions of the n-back task, include a set of happy, fearful and neutral facial expressions (Conley et al. 2017; Tottenham et al 2009) . Cognitive processing of these stimuli taps fronto-amygdala circuitry and functions involved in emotion reactivity and regulation (Hare et al., 2008; Gee et al., 2013) , and taps ventral fronto-striatal circuitry implicated in reward (Somerville et al., 2011) , providing evidence of its validity as a measure of emotion reactivity. Further, the ability to contrast neural faces to the happy and fearful faces allows for an assessment of the specificity of activation to emotionally evocative stimuli.
These circuits have been implicated in addiction (Koob, 2003) and show adolescent-specific brain activations (Hare et al., 2008; Dreyfuss et al., 2014) . The use of place stimuli as a non-emotional and nonsocial set of stimuli has been shown to produce highly reliable patterns of brain activity across subjects and time (Peelen and Downing, 2005) . The facial stimuli are drawn from the NimStim emotional stimulus set (Tottenham et al., 2009 ) and the Racially Diverse Affective Expressions (RADIATE) set of stimuli (Conley, Dellarco et al., 2017) to adequately address the diversity among ABCD participants. The place stimuli are drawn from previous visual perception studies (Kanwisher, 2001; O'Craven and Kanwisher, 2000; Park and Chun, 2009 ).
The task includes two runs of eight blocks each. On each trial, participants are asked to respond as to whether the picture is a "Match" or "No Match." Participants are told to make a response on every trial.
In each run, four blocks are 2-back conditions for which participants are instructed to respond "match" when the current stimulus is the same as the one shown two trials back. There are also four blocks of the 0-back condition for which participants are instructed to respond "match" when the current stimulus is the same as the target presented at the beginning of the block. At the start of each block, a 2.5 s cue indicates the task type ("2-back" or "target =" and a photo of the target stimulus). A 500 ms colored fixation precedes each block instruction, to alert the child of a switch in the task condition. In this emotional variant of the task, blocks of trials consist of happy, fearful, and neutral facial expressions as well as places. Accuracy for the two memory load conditions (0-and 2-back) for each stimulus type (emotional faces, neutral faces, places) and across stimulus types, are the primary dependent measures.
Each block consists of 10 trials (2.5 s each) and 4 fixation blocks (15 s each). Each trial consists of a stimulus presented for 2 s, followed immediately by a 500 ms fixation cross. Of the 10 trials in each block, 2 are targets, 2-3 are non-target lures, and the remainder are non-lures (i.e., stimuli only presented once).
There The preliminary imaging results (n=517) on this task are consistent with the working memory literature (Figure 8b ). Specifically, fronto-parietal and fronto-thalamic activity previously associated with manipulation and maintenance of information in memory is observed for the main contrast of the 2-back vs the 0-back condition. A key question of the ABCD study will be how memory processes and the underlying neurocircuitry are impacted by chronic substance use during adolescence.
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Post-scan Assessments
Arousal Questionnaire. Immediately following scanning, participants are administered the ABCD arousal
state questionnaire again (see Supplemental Table 1 ), followed by an Emotional n-back Recognition
Memory task (Supplemental Figure 1 ) and a brief MID task questionnaire (Supplemental Table 2 ).
The EN-back Recognition Memory task. This task is a recognition memory test and a variant of the lifespan HCP task (http://www.humanconnectome.org/; Barch et al., 2013 , Cohen et al., 2016  Supplemental Figure 1A ). It measures short-term memory processes that tap hippocampal functioning (Stark & Okado 2003) implicated in substance use and abuse (DeBellis et al., 2000; Medina et al., 2007) .
The task includes 48 old stimuli presented during the emotional n-back task and 48 new stimuli, with equal numbers of each stimulus type in the old and new stimulus sets (12 each of happy, fearful, and neutral facial expressions as well as places in each set). A total of 96 pictures are presented during the recognition memory test. Participants are asked to rate each picture as either "Old" or "New." Each picture is presented for 2 s followed immediately by a 1s presentation of a fixation cross. Instructions and a 2-trial practice (one "Old" from the task practice and one new stimulus) precede the memory test. The task assesses memory for stimuli presented during the emotional n-back and takes approximately 5-10 minutes. Preliminary results (n=868), suggest relatively low immediate recognition of specific stimuli, especially face stimuli at this age (Supplemental Figure 1B) . The Monetary Incentive Delay task post-scan questionnaire. This questionnaire asks the participant to rate how they felt when viewing the different cues and receiving the different outcomes during the MID task to determine the effectiveness and value of wins and losses (Supplemental Table 2 ). This questionnaire takes approximately 1-2 minutes. Previous reports of ventral striatal activation by reward anticipation on the MID task have correlated with individual differences in self-reported happiness about high-reward cues (Knutson et al., 2001 ).
Conclusions
The primary objective of the ABCD study is to create a unique data resource for tracking human brain 
